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ElectricandMagneticDipoleMoments

H=−~µ·~B−~d·~E

Transformationproperties:







~E~B~µ,~d
P−++
C−−−
T+−−







EDM6=0→PandTviolated.

CPTinvariance→CPviolation

BaryonasymmetryofuniverseneedsnewsourcesofCPviolation
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CurrentExperimentalLimitsonEDMs

dn=−1.0±3.6×10−27e·cm,<.63×10−25e·cm(90%CL)

SM:10−32−10−31

dp=3.7±6.3×10−23

d(199Hg)=−1.06±0.49±0.40×10−28,<2.1×10−28(95%CL)

de=0.69±0.74×10−27,<1.6×10−27(90%CL)SM:<10−41

dµ=3.7±3.4×10−19,<1.1×10−18(90%CL)SM:<10−38

(CERNIIIStatistical:±2.7×10−19e·cm,Systematic:±2×10−19e·cm)
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ElectricDipoleMoments

CurrentEDMexperimentallimitsarefarlargerthanSM

predictions

Non-zeroEDM:Unambiguousevidencefornewphysics

→NewsourceofCPViolation
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ProposedMeasurementoftheMuonEDM

Newexperimentgoal:σdµ≈10−24−10−26e·cm→×106−108im-

provementovercurrentlimit

•Withconventionalscaling,

dµ=
mµ
mede=1.4±1.5×10−25,<3.3×10−25(90%CL).

PredictionofSMandsomeofsimplesttheories,e.g.MSSMwith

assumptionofuniversalityofscalarmasses,proportionalityofA

terms.

•Easytogetnon-conventionalscalinginsupersymmetry:

e.g.dµ≈few×10−23

-Babu,Dutta,Mohapatra,PRL85,5064(2000):L-Rsymmetric

w/seesawmechanism+largeneutrinomixing,dµ≈5×10−23e·cm,

de≈10−28≈10×lessthancurrentexpt.limit.

•Anumberoftheoriespredictdµ>10−24

•OnlyaccessibleEDMoutsidefirstgeneration

•dµ:crucialtounderstandingnatureofthesourceofEDM.
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ConnectiontoMagneticDipoleMoment:generaldipolemoment

operator

LDM=
1
2[Dµ̄σαβ1+γ5

2+D∗µ̄σαβ1−γ5
2]µFαβ,where

aµ=
2mµ

e
ReD,dµ=ImD

DefineDNP=|DNP|eiφCP,aNP=a
exp
µ−aSM

µ,

’NewPhysics’impliedbyaNP6=0caninduceanEDM:

dNP
µ≈3×10−22(aNP

µ

3×10−9)tanφCPe·cm

aNP=a
exp
µ−aSM

µ≈3(1)×10−9→dNP
µ≈3×10−22tanφCPe·cm

dµ≈10−24e·cmprobes|tanφCP|>3(1)×10−3
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1σand2σbandsforaNP=a
exp
µ−aSM

µ≈3(1)×10−9

dNP
µ≈3×10−22(aNP

µ

3×10−9)tanφCPe·cm,

[Feng,Matchev,Shadmi,NPB613,366(2001)]
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SUSYConnectionamongdµ,aµ,andµ→e
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AnAside:UsingStorageRingstoMeasuretheDeuteron
EDM

Newexperimentgoal:σddeut≈10−27e·cm

•PotentialsourcesofEDM:

neutron,proton,P-andT-oddnuclearforce

•Nuclearphysicsisfairlystraightforward

•ForEDM(deuteron)≈10−27:

–NoSchiffsuppressionofnuclearEDMasin199Hg
(10-100timesmoresensitivetoP,Toddnuclear
forcethancurrentneutronvalue)(Khriplovichand

Korkin)

–CompetitivewithplannedfuturelimitsonP,Todd
nuclearforcefromneutronand199Hg

–Cruciallycomplementarytoneutronandelectronin
determiningsourceofEDM
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UsingStorageRingstoMeasureEDMs

I.Methodsusedinpreviousmuong-2exptsatCERNand

BNL

II.ProposednewmethodforadedicatedmuonEDMExpt.
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g-2:

Simplifiedpicture

No~E

NoEDM

Storage
Ring

ωa= eB

(exaggerated ~20x)

mc µ a

spin

momentum
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MeasurementofMuonEDMin(g-2)Experiments

SpinPrecessionwith~Band~EandanEDM

~ω=−
e

m
[aµ~B+(−aµ+

1

γ2−1
)~β×

~E

c
+

η

2
(~β×~B+

~E

c
)]

whereMDM=(1+aµ)(eh̄
2m),EDM=dµ=

η
2(eh̄

2mc)

Chooseγsothat−aµ+
1

γ2−1≈0;Note:Sz=S
ωedm

ωsinωt

ω

ω

EDM

δ ωa

δ = η /2a tan

v X B

ωEDM

X
B

ωa

−

µv

µ+
=(ω

2
+ ω

2)
1/2

aEDM

Top View

Side View
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MethodsUsedbyCERNIII,BNLg-2Expts.
δ ω

ω

a

a

EDM

2 2

EDM ω=(ω +ω  )
1/2

•MethodI.AssumediscrepancywithSM,∆ω=ω−ωSMisdue
entirelytonon-vanishingdµratherthantoanewphysicsshiftin
aµ.

ω=
√

ω2
SM+ω2

EDM→ωEDM=
√

ω2−ω2
SM

-WorkedwellforCERN:large
σaµ
aµ

=7ppm,aµconsistentw/SM

-NotwellsuitedtoBNLg-2expt:small
σaµ
aµ

=.7ppm,aµNOT
consistentwithSMwithinerrors,givingpoorlimitondµ

•MethodII.dµ6=0causes~ωtotipbyangleδinradialdirection
awayfromvertical

tanδ=
η

2aµαdµ(dµ'η×4.7×10−14)

→pzofdecayelectronsoscillatesatfrequencyω→oscillationin
averageverticalpositionofelectronsatthedetectorvstime(both
proportionaltodµ)
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MethodII(Cont’d):Up-DownOscillationofDecayElectrons

RN=
Nup−Ndown
Nup+Ndown

,Nup,down=#electronsabove,belowmid-plane

CERNIII:dµ=3.7±3.4×10−19e·cm,δ=
ωEDM

ωa≈.5×10−2

SystematicIssues

•Verticalmisalignmentbetweenbeamanddetectorverticalcen-

troids+spindependenceofverticalwidthofelectrondist.at

detectors→falseEDMsignal.

Correctbyaligningdetectorswithcentroidaverageverticalbeam

position

•Detectortilt

•Energycalibrationofdetectors

•Timingoffsets

BNLg-2:Anticipateimprovementofx3-5overCERNIII,i.e.σ≈
1×10−19withequalStat.andSyst.errors.
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NewApproachforDedicatedEDMExperiment

~ω=−
e

m
[aµ~B+(−aµ+

1

γ2−1
)~β×

~E

c
+

η

2
(~β×~B+

~E

c
)]

•Chooseγ,~Band~Esothatprecessionduetofirsttwotermssums

tozero:Er=
aµcBz

(
1

γ2−1−aµ)βθ
≈aµBcβγ2,Ez=0,Br=Bφ=0

(N.B.~β×~B>>~Etermin~ωEDM)
•OnlyprecessionduetoEDMremains:ωEDM=−e

m
η
2(

~E
c+~β×~B)

Result:LargeenhancementofEDMsignalrelativetog-2preces-

sionbackground,precessiondirectedradially.

Sz=S
ωedm

ωsinωt→Sz≈Sωedmt

(Before:δ≈10−2Newmethod:θ≈1after1τ)

•FocusbeamwithgradientB-field
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µ+

θ

θ = ωEDMt

Ε
Β

v  Spin
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Lower Detector

Upper Detector

(b)

e
+

µ
+θ

Signals

Muons:RN(t)=
Nup(t)−Ndown(t)
Nup(t)+Ndown(t)orRE(t)=

Eup(t)−Edown(t)
Eup(t)+Edown(t)

Deuterons:RN(t)=
Nright(t)−Nleft(t)

Nright(t)+Nleft(t)
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StatisticalerroronEDM

σd=h̄
2
√

2γτvBAP
√

N
=h̄m

2
√

2τpBAP
√

N

m=mass,p=momentum,P=polarization,A=asymmetryofver-

ticaldecays,N=numberofdetectedelectrons,τ=restlifetime

(muon,2.2µs),B=B-field.

Tominimizestatisticalerror

•MaximizeP
√

N,B,p

•Subjecttoconstrainton~B,~E,γ:Er=
aµBz

(
1

γ2−1−aµ)βθ
<2MV/m

ForB=0.25T,p≈0.5GeV/c

Muon:σdµ=10−24e·cm,A=0.3,P=0.4,→N≈4×1016Example:

withPRISM-II,availablefromJ-PARC(1MWprotonbeam)-one

yearofrunning
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PotentialSystematicErrorDueto<Ez>6=0

Recall~ω=~ωa+~ωEDM,where

~ωa=−e
m[aµ~B+(−aµ+

1
γ2−1

)~β×
~E
c]]

~ωEDM=−
eη
2m(~β×~B+

~E
c)=−

eη
2m(βBz+Er

c)r̂α~F

<Fz>=0→βθBr=Ez
c

Non-zeroBrandEzleadtonon-zero(ωa)r→FalseEDMsignal

Radialcomponentofωaisgivenby

(aµ~B+(−aµ+
1

γ2−1
)~β×~E)=(aµBr+(−aµ+

1
γ2−1

)βθEz)r̂≈Ez
βθγ2r̂

Thisisthelargestpotentialsourceofsystematicerror

TocontrolfalseEDM:CW→CCW:~β→−~β,~B→−~B,~E→~E

Thisgives:~ωa→−~ωa,~ωEDM=+~ωEDM

BostonUniversityJ.Miller-ADedicatedExperimenttoMeasuretheMuonEDMinaStorageRing21



Handlingthenon-planarE-field

Inpractice:

•Align~Eelectrodesthenmonitorwithinclinometers

Pendulum

•InjectmuonsCWandCCWinring:~ωa(falseprecession)flips

sign,ωEDMdoesnot.

•Fabry-Perotinterferometermonitorselectrostaticplatemovements.
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SystematicErrorfromDetectorsandStoredBeamInstability

Muons

RE(t)=
Eup(t)−Edown(t)
Eup(t)+Edown(t)

Deuterons

RN(t)=
NR(t)−NL(t)
NR(t)+NL(t)

Mainissues:gainstabilityvs.time,beampositionmovementvs.time

CWandCCWstoragewillcanceleffect.

Muons:Left-rightcountersmonitorbeamstability,precession

Deuterons:Up-downcountersmonitorbeamstability,precession,give

T21correction
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Plan

Remarkably,similarringsetupforbothMuonsandDeuterons!

E-fieldneededtocancelωa:Er≈Bzcp(a
γ
m)

Forp≈500MeV/c,

Muon:a=0.001166,γ≈5,m=0.105GeV/c,a
γ
m=0.054

Deuteron:a=−0.143,γ≈1,m=1.876GeV/c,a
γ
m=−0.076

MostdesignprinciplesapplytobothµanddEDMrings

Major(andpromising!)deuteronringdevelopmenteffortnowunder

wayforuseatBNLorsomeotherdeuteronsource.Mountand

completedeuteronEDMmeasurementin6yearsafterfunding...
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ProposedMuonEDMExperiment

•MuonStoragering

E≈2MV/m,B≈.25T,p≈500MeV/c,
∆p
p<2%

Strongmagneticfocusing

InjectCWandCCWtocontrolsystematicerrors

•Polarized,pulsed,highfluxsources

Example:J-PARC+PRISM-II,NP2=5×1016,<1yearrunning

•Developdetectors

Calorimetersfordecayelectrons,veryhighrates

•Timescale:J-PARCletterofintentformuonEDMsubmitted

lastyear.DeuteronEDMexperimentdesignunderway-PRISMII

andbeamlinestudiesandeffortstoobtainfundingcontinuing.
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MuonBeamRequirements

•p≈300−500MeV/c,
∆p
p<2%,800πmm·mradinxandy

•Pulsedbeam,manypulsespreferred

•Minimumpulsespacing500µs,toallowtimeformuonstodecay
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ExampleofaProposedMuonBeamLine:PRISM-IIatJ-PARC

•Pioncapture:High-fieldsolenoid:B=6T,r=10cmxL=120cm

•Semi-adiabatictransfertolowersolenoidfield:B=6T→1T,

r=10cm-45cmxL=450cm

•Pionmomentumselection(curvedsolenoid)B=1T,r=45cmx

R=5m,arc=500

•Piondecayandmuontransport:B=1T,r=45cmxL=20m

•Muonmomentumselection

•Muonmomentumcompression:FixedFieldAlternatingGradient

phaserotator,nopioncontamination

normalversion:B=1.8T,r=21m

superconductingversion:B=2.8T,r=10m
∆p
p=30%→2%

•Atp=0.5GeV/c,P=0.60

•→neededflux,NP2'5×1016,in107seconds

•Pulsedbeamneeded
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Meaurementisintensitylimited

Togettodµ∼10−26e·cm....

•Cooledbeams

•Increasedintensity(2MW→10MW→??)

BostonUniversityJ.Miller-ADedicatedExperimenttoMeasuretheMuonEDMinaStorageRing28



MuonDetectors

•Calorimetersformuon-decayelectronshowersaboveandbelow

storedbeam-

Signal:RE(t)=
Eup(t)−Edown(t)
Eup(t)+Edown(t)

•Mustbestableoververywiderangeofratesfromearlytolate

muondecaytimes-ratesatearlytimesveryhigh.

•Straightsectionsinringneededforplacementofleft-rightcalorime-

ters(systematicstudiesofplaneof(g-2)precession)

•Anticipatedhighrates,esp.ina10−26e·cmmeasurement,inte-

gratedetectorssignals,insteadofsinglepulses
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ProposedEDMring-PreliminaryDesign

p=0.5GeV/c

Bz=0.25T

Er=2MV/m

R=7m

<R>=11m

B+E=2.6m

Intervals=1.7m

R

B+E

D F

B+E

B+E

B+E

B+E

B+E

B+E

B+E
B+E

B+E

B+E

B+E

B+E

B+E

B+E

B+E

F

F

F

F

F

F

F
F F

F

F

F

F

F

FD

D

D

D

D

D

D D
D

D

D

D

D

D

D

<R>
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Conclusions

•dµ≈10−24e·cm(andddeuteron<10−27e·cm):exceptionalphysics

reach

•DeuteronEDMexperimentbeingdesignedanddevelopednow-

mostsystematicproblemsformuonswillbesolvedindeveloping

thisexperiment.Begins4yearsafterfunding,runsfortwoyears.

•Techniquesperfectedfordeuteronwillcarryovertothemuon

caseinthefuture

•ProtonDriverhasthepotentialtoprovidetheneededmuonflux

(LOI’ssubmittedtoJ-PARCforMuonEDMandPRISMII)

•At10−24e·cmmuonEDMisstatisticslimited-withincreasesin

muonflux,goto10−26e·cmorbetter
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